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Abstract
Sterile neutrinos are among the most attractive extensions of the SM to generate the light neutrino masses
observed in neutrino oscillation experiments. When the sterile neutrinos are subject to a protective symmetry,
they can have masses around the electroweak scale and potentially large neutrino Yukawa couplings, which
makes them testable at planned future particle colliders. We systematically discuss the production and
decay channels at electron-positron, proton-proton and electron-proton colliders and provide a complete
list of the leading order signatures for sterile neutrino searches. Among other things, we discuss several
novel search channels, and present a first look at the possible sensitivities for the active-sterile mixings and
the heavy neutrino masses. We compare the performance of the different collider types and discuss their
complementarity.
1 Introduction
The main physics goal of future particle colliders is to test
the current Standard Model (SM) of elementary particles
and to search for effects of new physics, i.e. new particles
and new interactions not present in the SM. The existence of
such new physics is guaranteed by various observations from
particle physics as well as from cosmology, which can not
be explained within the SM (and the present cosmological
model based on general relativity as the theory of gravity).
The discovery of the/a Higgs boson by the ATLAS [1]
and CMS [2] experiments at the LHC plays an important
roˆle for the search strategies for new physics at future col-
liders. To start with, although the discovered Higgs boson
is compatible with the one of the SM, its properties are not
really well tested to date. This leaves a lot of room for de-
viations of the Higgs properties from the SM predictions.
Indeed, various extensions of the SM predict a non-minimal
Higgs sector. Furthermore, even for a minimal Higgs sector
important questions regarding the Higgs boson, related to
its “task” of giving mass to elementary particles, are cur-
rently unanswered. For example, it is not tested that the
Higgs is indeed generating its own mass, which requires the
measurement of the Higgs self-coupling.
Another puzzle related to elementary particle masses and
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the Higgs sector is the origin of neutrino masses. Generat-
ing masses for the light neutrinos would require either an ex-
tended Higgs sector or the addition of extra neutral fermions
(which are gauge singlets and therefore often referred to as
“sterile” neutrinos) plus a coupling of the neutrinos to the
discovered Higgs boson. A precision study of Higgs proper-
ties at future colliders may thus shed light on the question
how to extend the SM in order to include the observed neu-
trino masses.
In addition to their interactions with the Higgs boson, the
sterile neutrinos, or, more precisely, the heavy neutrino mass
eigenstates, which are an admixture of the active neutrinos
of the SM and the extra sterile states, also interact with
the weak gauge bosons. This leads to various production
and decay channels, and corresponding signatures at future
electron-positron (e−e+), proton-proton (pp) and electron-
proton (e−p) colliders.
The aim of this article is to provide a systematic discus-
sion and assessment of these signatures for sterile neutrino
searches. We discuss a list of the leading order signatures,
comprising the production and decay channels and their de-
pendencies on the active-sterile neutrino mixing parameters,
lepton-number-violating (LNV) and lepton-flavour-violating
(LFV) effects, vertex displacement and non-unitarity ef-
fects. We discuss several novel search channels, for which
we present “first looks” at the sensitivities for the active-
sterile mixing parameters and sterile neutrino masses, as
1
ar
X
iv
:1
61
2.
02
72
8v
2 
 [h
ep
-p
h]
  2
2 D
ec
 20
16
GUT
LEW
reactor & LSND anomaly
mΝ
2=Dmatm
2
mΝ
2=Dmsol
2
eV keV GeV PeV ZeV MGUT MPl
Ytop
10-3
Ye
10-7
10-9
10-11
Sterile neutrino mass scale
N
eu
tri
no
Y
uk
aw
a
co
u
pl
in
g
y Ν
Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
na¨ıve expectation, which is denoted by the blue lines.
well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
different collider types.
For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).
2 Theoretical framework
Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.
In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M  yν vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ≈ y2ν v2EW/M , while the heavy state has a mass ∼M .
The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.
However, in the realistic case of three active neutrinos
and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.
This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ≈  y2νv2EW/M2, where  is a
small quantity that parametrizes the breaking of the pro-
tective symmetry. As  controls the magnitude of the light
neutrino masses, the coupling yν can in principle be large
for any given M .
2.1 Sterile neutrinos with EW scale masses
The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1R and N
2
R, is given in the symmetric
limit ( = 0) by
L = LSM −N1RMN2 cR − yναN1Rφ˜† Lα + H.c.+ . . . , (1)
whereLSM contains the usual SM field content and with Lα,
(α = e, µ, τ), and φ being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their effects are irrel-
evant for collider searches. The yνα are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.
As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
yνα and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2
1With two mass differences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.
2In specific models there are correlations among the yνα . The strat-
egy of the SPSS is to study how to measure the yνα independently, in
order to test (not a priori assume) such correlations.
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From eq. (1), we obtain the mass matrixM of the relevant
neutral fermions, i.e. the active neutrinos and the two sterile
neutrinos N1R and N
2
R, after EW symmetry breaking. It
can be diagonalised with the unitary 5 × 5 leptonic mixing
matrix U :
UTMU ∼= Diag (0, 0, 0,M,M) . (2)
The resulting mass eigenstates are the three light neutri-
nos νi (i = 1, 2, 3), which are massless in the symmetric
limit, and two heavy neutrinos Nj (j = 1, 2) with approx-
imately degenerate mass eigenvalues M (in the symmetric
limit). The mixing of the active and sterile neutrinos can
be quantified by the mixing angles and their magnitude:
θα =
y∗να√
2
vEW
M
, |θ|2 :=
∑
α
|θα|2 , (3)
with vEW = 246.22 GeV. Using the mixing angles θα we can
express the leptonic mixing matrix U in eq. (2), in the limit
of exact symmetry, as (cf. [3]):
U =

Ne1 Ne2 Ne3 − i√2 θe 1√2θe
Nµ1 Nµ2 Nµ3 − i√2θµ 1√2θµ
Nτ1 Nτ2 Nτ3 − i√2θτ 1√2θτ
0 0 0 i√
2
1√
2
−θ∗e −θ∗µ −θ∗τ −i√2 (1− 12θ2) 1√2 (1− 12θ2)
 .
(4)
The leptonic mixing matrix U is unitary up to second or-
der in θα. The elements of the non-unitary 3× 3 submatrix
N , which is the effective mixing matrix of the three ac-
tive neutrinos, i.e. the Pontecorvo–Maki–Nakagawa–Sakata
(PMNS) matrix relevant for neutrino oscillation experi-
ments, are given as
Nαi = (δαβ − 12θαθ∗β) (U`)βi , (5)
with U` being a unitary 3× 3 matrix.
When the Higgs boson develops its vacuum expectation
value the light and heavy neutrino mass eigenstates emerge
as admixtures of the active and sterile neutrinos. The weak
currents in the mass basis are given by
j±µ =
5∑
i=1
∑
α=e,µ,τ
g√
2
¯`
α γµ PL Uαi n˜i + H.c. , (6)
j0µ =
5∑
i,j=1
∑
α=e,µ,τ
g
2 cW
n˜j U
†
jα γµ PL Uαi n˜i , (7)
with U the leptonic mixing matrix in eq. (4), g being the
weak coupling constant, cW the cosine of the Weinberg angle
and PL =
1
2 (1− γ5) the left-chiral projection operator, and
where we introduced the neutrino mass eigenstates
n˜j = (ν1, ν2, ν3, N4, N5)
T
j = U
†
jαnα , (8)
with the definition
n =
(
νeL , νµL , ντL , (N
1
R)
c, (N2R)
c
)T
. (9)
The weak currents involving the heavy neutrinos can be ex-
pressed as
j±µ ⊃
g
2
θα ¯`α γµPL (−iN4 +N5) + H.c. , (10)
j0µ =
g
2 cW
5∑
i,j=1
ϑij n˜iγµPLn˜j , (11)
with the definition:
ϑij =
∑
α=e,µ,τ
U†iαUαj . (12)
The Yukawa part of the Lagrangian density in the mass basis
to leading order in the active-sterile mixing angle, is
M
vEW
3∑
i=1
(
ϑ∗i4N c4 + ϑ
∗
i5N
c
5
)
h νi + H.c. , (13)
with h =
√
2 Re(φ0) being the real scalar Higgs boson.
In the limit of exact symmetry, the SPSS benchmark
model introduces seven additional parameters to the theory,
the moduli of the neutrino Yukawa couplings (|yνe |, |yνµ |,
|yντ |), their respective phase, and the mass M . The phases
are difficult to measure at colliders. They may be accessible
in neutrino oscillation experiments (see e.g. [10,11]). In the
following we will restrict ourselves to the four parameters
|yνe |, |yνµ |, |yντ | and M .
2.2 Heavy neutrino production and decay
in e−e+, pp and e−p collisions
In this section we discuss the dominant production channels
of the heavy neutrino mass eigenstates in e−e+, pp and e−p
collisions, and their subsequent decays at the leading order.
In this line, we address the dependency on active-sterile mix-
ing angles for the different processes, and we comment on
the occurrence of observable lepton number violating (LNV)
and lepton flavour violating (LFV) effects.
2.2.1 Production processes
The heavy neutrino states can be produced in high energy
collisions by the weak interaction (see eq. (10) and eq. (11))
or the Higgs boson (see eq. (13)). The production processes
for heavy neutrino mass eigenstates at leading order in the
active-sterile mixing angles and in the weak coupling con-
stant, are given in the first column of fig. 2. We now specify
the relevant production channels for the e−e+, pp and e−p
colliders (for a summary cf. tab. 1):
• e−e+ colliders: There are two dominant production
channels. One is given by the exchange of a W boson in
3
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Figure 2: Pictographic representation of the different heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at different
collider types.
the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e
−, e+
and Y = ν (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e−e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.
• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelled Ws, with {X,X ′} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by Wγ fusion with initial states {q, γ},
which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).
• e−p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by Wγ
fusion, labelled W
(γ)
t , with X = γ and Y = W
− which
is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.
2.2.2 Signal channels
For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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the production and decay of heavy neutrinos constitute the
different signatures for sterile neutrino searches. We display
them in the third column of fig. 2 and denote for which
collider they have a production channel at leading order.
2.2.3 Remarks on lepton number violation (LNV)
We note that in our benchmark model there is no LNV due
to the exact protective symmetry. When neutrino masses
are generated from small perturbations of the structure in
eq. (1), LNV effects will be introduced, however suppressed
by the (approximate) protective symmetry. For the follow-
ing comment, we assume such small perturbations to be
present.
When light neutrinos are in the final states, it is in gen-
eral difficult to experimentally measure LNV, since the light
neutrinos escape the detector without revealing their lepton
number.3 An overview of the lepton number violating pro-
cesses for the different colliders is shown in tab. 1. Therein,
we only indicate channels with LNV if no light neutrinos are
present in the final state, i.e. if there exists an unambiguous
signature for LNV.
In e−e+ collisions, at leading order, LNV processes always
give rise to a light neutrino in the final state such that, as
mentioned above, there is no unambiguous LNV signature.
We remark that, using the different kinematics of signature
and background final states with different light neutrino lep-
ton number, it might nevertheless be possible to find a signal
of LNV at e−e+ colliders.
In pp collisions the final state `±α `
±
β jj, where j denotes a
hadronic jet, unambiguously violates lepton number by two
units and is often called “same sign di-lepton”. The final
state `±α `
±
β `
∓
γ ν is produced by both, lepton number violating
and conserving processes, and is often called “trilepton”.
In e−p collisions, the final state `+β jjj unambiguously vi-
olates lepton number by two units, while j`±β `
∓
γ ν can be
produced from lepton number conserving or violating pro-
cesses. Furthermore, additional LNV signatures exist with
heavy neutrino production via Wγ fusion, as will be dis-
cussed in section 5.
2.2.4 Remarks on lepton flavour violation (LFV)
In the SM, lepton flavour (LF) is conserved since neutrinos
are massless and the neutrino flavour eigenstates are always
produced in conjunction with the corresponding charged lep-
ton flavour (and mass) eigenstates. In the presence of sterile
neutrinos, this is no longer the case and LFV final states are
to be expected.
3We also remark that, of course, the small Majorana masses of
the light neutrinos, induced by small perturbations of the structure in
eq. (1) as mentioned above, also violate lepton number. However for
collider phenomenology this is subdominant compared to the lepton
number violation from the perturbed heavy neutrino sector, and can
safely be neglected. In this sense one can attribute a lepton number
to the light neutrinos produced in a given process.
e−e+ pp e−p
Ws × X+ LNV/LFV ×
Wt X × X+LNV/LFV
Zs X X ×
h (X) (X) (X)
Table 1: Summary of the production channels for the different colliders
at leading order, indicating with the labels LNV and/or LFV whether
there exists an unambiguous signature for probing LNV and/or LFV.
For e−e+ colliders, there are always light neutrinos in the final state
such that it is experimentally difficult to detect the LNV. We remark
that the Z pole run and the Higgs physics run at e−e+ colliders can
be sensitive to loop-induced LFV. The checkmarks in brackets for the
production processes via h indicate that this is a sub-dominant channel
compared to the W and Z channels.
Decay channel
W Z(h)
P
ro
d
u
ct
io
n
ch
an
n
el
Ws
|θαθβ |2
|θ|2 |θα|
2
Wt
|θeθβ |2
|θ|2 |θe|
2
Zs(h) |θβ |2 |θ|2
Table 2: Summary of the dependencies on the active-sterile mixing
parameters from the different production and decay channels on the
cross section level in the narrow width approximation (and in leading
order). The active-sterile mixing parameter |θ|2 is defined in eq. (3).
As for LNV, also here we note that when light neutrinos
are in the final states, it can be difficult to experimentally
measure LFV, since the light neutrinos escape the detector
without revealing their flavour composition. However, for fi-
nal states without neutrinos, or with less neutrinos involved
than charged leptons, there can nevertheless be unambigu-
ous signatures for LFV at the parton level. We remark that
SM processes that lead to final states with additional neutri-
nos provide an important background at the reconstructed
level.
At pp and e−p colliders, it is possible to have unambiguous
signals for LFV at the parton level, without neutrinos in
the final state, for instance the signature `α`βjj with α 6=
β at pp colliders and `αjjj with α 6= e at e−p colliders.
Unambiguous parton level signatures with one neutrino in
the final state are `e`µ`τν at pp colliders and j`
−
α `
+
β ν with
α 6= e and α 6= β at e−p colliders. Further LFV signatures
exist with Wγ fusion and at higher order.
In e−e+ collisions, there are no unambiguous signatures
at tree-level, but efficient searches are in principle possible
via LFV Z and Higgs boson decays, which, in the presence
of sterile neutrinos, are induced at loop level.
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2.2.5 General remarks
Here we discuss some features from sterile neutrinos, and
we specify the dependency of the different decay channels
on the active-sterile mixing parameters θα, α = e, µ, τ .
• Indirect effects from PMNS non-unitarity: Even if the
heavy neutrinos are not produced directly in collisions,
they can nevertheless have indirect effects from the in-
duced non-unitarity of the PMNS matrix, i.e. of the
matrix N in eq. (4). We will discuss these effects in
more detail in the following sections.
• Reconstruction of the sterile neutrino mass M : The
semi-leptonic decays of the heavy neutrino (N → `jj)
feature a “bump”, corresponding to the mass of the
heavy neutrino, in the invariant mass spectrum of the
`jj system. Although at pp and e−p colliders only
transverse observables are available, one can in princi-
ple use this for reconstructing the sterile neutrino mass
parameter M .
• Vertex displacement: Heavy neutrinos with masses be-
low the W boson mass and with very small active-sterile
mixings can have a long lifetime that leads to a displace-
ment of the decay products from the interaction point.
This is an exotic signature and can be searched for at
all three particle collider types.
• Dependencies on the mixing angles: The dependencies
of the different production and decay processes to the
|θα| can be read off of the first and second columns of
fig. 2, respectively. We summarize the possible combi-
nations in tab. 2, which correspond to the signatures on
the cross section level in narrow width approximation
(and in leading order).
The production of heavy neutrinos at e−e+ colliders
via the process Zs and at pp colliders via the processes
Ws, Zs is sensitive to the sum |θ|2. Conversely, the
heavy neutrino production process at e−e+ and e−p
colliders via Wt is sensitive to |θe|2.
The relative strengths of the mixing angles |θα| and
their combinations |θαθβ | can be inferred in principle
via the channels involving charged leptons.
2.3 Present constraints
The present constraints from past and ongoing experiments
for sterile neutrinos have been presented and discussed in
[3, 12,13], using the SPSS as benchmark scenario.
A general overview of sterile neutrino extensions of the
SM and their observable effects can be found, e.g., in the
review [14]. Further observable features of various models
with right-handed neutrinos were studied, e.g., in refs. [15–
30].
In this section, we give a short summary of the present
constraints on the three neutrino Yukawa couplings yνα (or,
equivalently, the active-sterile mixing parameters θα) for
masses M between 10 GeV and 250 GeV that are taken
from ref. [3].
2.3.1 Indirect searches in electroweak precision
data
In the presence of sterile neutrinos, the mixing matrix of the
three active neutrinos, i.e. N in eq. (4) and (5), is effectively
non-unitary (see e.g. [31,32]). The subsequent modification
of the weak currents then leads to modified predictions for
electroweak observables compared to the SM, which consti-
tutes an “indirect” effect and allows to test these models via
precision measurements.
For instance, the Fermi constant GF that prominently
enters many theory predictions for the EWPOs, is (one of)
the main source(s) for the non-unitarity effects. It is inferred
from muon decays and due to the modification of the weak
currents, the theory prediction for GF is sensitive to the
active-sterile mixing parameters. Assuming M > mµ, one
has on the cross-section level
σµ−→e−νν¯ =
(NN †)
ee
(NN †)
µµ
· σSMµ−→e−νν¯ , (14)
such that one obtains the modified Fermi constant Gµ:
G2F → G2µ = G2F · (NN †)ee(NN †)µµ . (15)
As a consequence this affects the theory prediction for other
electroweak observables, such as the weak mixing angle θW ,
the W boson mass, etc.
Further observables that are affected by the modification
of the weak currents are lepton-universality, rare charged
lepton flavour violating decays, CKM unitarity tests, and
low energy measurements of the weak mixing angle. A
detailed list of the modified predictions can be found in
refs. [3, 12] and references therein, and also for a similar
setup in ref. [28]. We show the resulting experimental
constraints on the three active-sterile mixing parameters,
|θα|, (α = e, µ, τ) from ref. [3] as blue lines in fig. 3.
2.3.2 Indirect searches in Higgs boson decays
The measurement of the branching ratios of the Higgs boson
at the LHC allows to constrain the contribution from its
decays to neutrinos. Higgs boson decays into neutrinos are
possible due to the neutrino Yukawa term in eq. (1) for M ≤
mh, which modify the total Higgs boson decay width and
branching ratios. From the combined measurements for the
branching ratios of h → V V (V = γ, Z,W ) from ATLAS
and CMS, h → γγ is found to be most sensitive to the
active-sterile mixing parameters. Its bound is used to limit
the partial decay width Γ(h → νN), which constrains the
sum of the squared sterile mixing angles |θ|2, see in fig. 3 as
was derived in ref. [3]. Further constraints from the LHC
measurements of the Higgs boson couplings were studied in
refs. [33, 34].
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Figure 3: Summary of present constraints on sterile neutrino properties
taken from ref. [3].
2.3.3 Direct searches at LEP and the LHC
Direct searches for sterile neutrinos comprise processes in
which a heavy neutrino is produced on-shell and then de-
cays into SM particles. The presently most sensitive direct
constraints are given by sterile neutrino production in Z bo-
son decays (the production channel Zs for M < mZ), four
lepton final states from WW decays, and lepton-number-
violating signatures.
From the analyses for heavy neutral lepton searches at the
Z-pole conducted by the LEP-I collaborations DELPHI [35],
OPAL [36], ALEPH [37] and L3 [38], one gathers that the
most stringent bound is on the branching ratio Z → ν N
from DELPHI, given at 95% C.L. as
Br(Z → ν N) < 1.3× 10−6 . (16)
This bound constrains the sum of the squared active-sterile
mixing angles, |θ|2, and is shown in fig.3 (cf. ref. [3]).
The cross section for WW production was studied by an-
alyzing four lepton final states at and beyond the WW
threshold at LEP-II. The ALEPH collaboration has set
bounds on deviations of the SM cross section for four lep-
ton final states at the 1σ C.L. from which a constraint
for the active-sterile mixing parameter |θe| can be inferred,
cf. ref. [3], as is shown in fig. 3 by the green line.
We remark that the lepton number violating “same sign
di-lepton” signature also provides a promising search chan-
nel at the LHC.4 Presently, the resulting constraints on the
active-sterile mixing parameters are, however, not competi-
tive with the indirect constraints from LEP (cf. ref. [39]).
3 Searches at future e−e+colliders
Future lepton colliders aim at providing high-precision mea-
surements of collision data. They are designed to study rare
Z, W , Higgs boson and top decays, which may give insight
into physics beyond the SM.
Presently, two types of lepton collider layouts are pursued:
circular accelerators with particularly high luminosities at
energies below ∼ 350 GeV and the linear accelerators that
can achieve center-of-mass energies up to ∼ 1 TeV and be-
yond, and which also allow for highly polarized beams. The
presently discussed linear accelerators are the International
Linear Collider (ILC), which has completed its technical de-
sign, and the Compact LInear Collider (CLIC), which is
currently undergoing its technical design phase.
The two presently discussed circular accelerators, the Cir-
cular Electron Positron Collider (CEPC) and the Future
Circular Collider (FCC-ee), are in their conceptual phase.
Each of these planned colliders has its own unique physics
program, defined by a target luminosity for specific center-
of-mass energies. A physics program can encompass a Z-
pole run, a WW threshold run, SM Higgs physics, a top
threshold run, and high energy runs, which may allow test-
ing rare SM processes. The physics program for the circular
and linear colliders is shown in the left and right panel of
fig. 4, respectively.
Extensive searches for sterile neutrinos have been per-
formed at LEP, as discussed in section 2.3 on present con-
straints. In this section we discuss the different search chan-
nels for sterile neutrinos at lepton colliders, including novel
ones, and present updated sensitivities. For the sensitivity
estimates for future colliders, we focus on the CEPC and
FCC-ee. We will present the sensitivity estimates for the
ILC and CLIC elsewhere.
3.1 Production mechanism
As discussed in sec. 2.2.1 heavy neutrino production pro-
ceeds via the channels Zs and Wt, with the correspond-
ing Feynman diagrams depicted in fig. 5, which are both
proportional to the active-sterile mixings |θ|2 and |θe|2, re-
spectively, when summed over all light neutrinos. Both pro-
duction mechanisms give rise to a heavy neutrino that is
accompanied by a light neutrino.
4 We note that often in LHC analyses only one sterile neutrino is
considered. In this case the na¨ıve seesaw formula applies which means
that for a sterile neutrino with mass M the mixing θ2 should be smaller
than O(mν/M) ≈ 10−12(100 GeV/M). In scenarios with protective
“lepton number”-like symmetry larger active-sterile mixing angles are
possible and consistent with small neutrino masses, however then the
LNV channels are suppressed by the approximate “lepton number”-like
symmetry.
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Figure 4: Physics programs of the different future lepton colliders given by the center-of-mass energy and envisaged integrated luminosity.
Circular future lepton colliders (left): For the CEPC we use the exemplary integrated luminosities from the preCDR [40]. For the FCC-
ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].
We define the heavy neutrino production cross section, to
leading order in the small active-sterile mixing, by
σνN =
∑
i,j
σ(e−e+ → Nj νi) , (17)
where the sum is taken over all the light neutrino (i = 1, 2, 3)
and heavy neutrino (j = 1, 2) mass eigenstates. We display
the dependency of the cross sections on the sterile neutrino
mass M for the different physics runs and for the different
accelerator layouts in fig. 6. The cross sections were evalu-
ated by implementing the SPSS via Feynrules [47] into the
Monte Carlo event generator WHIZARD [48,49], where ini-
tial state radiation and only for the linear colliders lepton
beam polarisation has been included.
We remark that for
√
s ' mz heavy neutrino production
proceeds dominantly via Zs, while for
√
s = 160 GeV and
above it is dominated by Wt. This allows for a separate
assessment of the two different production channels via the
center-of-mass energy or, respectively, the physics program.
It is interesting to note that we can expect up to O(104)
heavy neutrinos per ab−1 for values of |θ|2 consistent with
the present constraints.
3.2 Signatures and searches
In this section, we discuss observable effects from sterile
neutrinos at e−e+ colliders, which manifest themselves in
specific final states with the related production and decay
channels, cf. fig. 2, and the dependency on the active-sterile
mixing angles. We refer to these effects as signatures and
list them in tab. 3.
In the following, we discuss these and other signatures for
sterile neutrinos at future lepton colliders, thereby updating
several estimates for the sensitivities of the CEPC and FCC-
ee.
ν
e+
e−
N
Z
production channel: Zs
W
e+
e−
N
ν
production channel: Wt
Figure 5: Dominating Feynman diagrams for the production of heavy
neutrinos. Heavy neutrino production via the s-channel Z boson is
dominant at the Z-pole. For center-of-mass energies above the Z-pole
the dominant production stems from the t-channel exchange of a W
boson.
3.2.1 Lepton-dijet
The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `ανjj, with the invariant mass of the two jets being
consistent with mW . The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |θeθα|2/|θ|2. We show our estimates
for the 1σ sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |θα| = |θe| and |θµ| = |θτ | = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For
√
s ' 90 GeV, this signature is dependent on |θα|2 and
has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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Figure 6: Production cross section for heavy neutrinos at different center-of-mass energies, divided by the square of the active-sterile mixing angle.
For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung effects and use a (L,R)
beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(θ)| ≤ 0.99, with θ being the angle
between the heavy neutrino and the lepton beams.
Name Final State Channel [production,decay] |θα| dependency
lepton-dijet `ανjj [Wt,W ], [Zs,W ]
|θeθα|2
θ2
(∗∗)
, |θα|2(∗∗)
dilepton `α`βνν [Wt, {W,Z(h)}], [Zs, {W,Z(h)}]
{
|θeθα|2
θ2
(∗)
, |θe|2(∗)
}(∗∗)
,
{
|θα|2(∗), |θ|2
}(∗∗)
dijet ννjj [Wt, Z(h)], [Zs, Z(h)] |θe|2(∗∗), |θ|2(∗∗)
invisible νννν [Wt, Z], [Zs, Z] |θe|2(∗∗), |θ|2(∗∗)
Table 3: Signatures of sterile neutrinos at leading order for e−e+ colliders with their corresponding final states, production and decay channels
(cf. section 2.2), dependency on the active-sterile mixing parameters.
(∗) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons can be reconstructed.
(∗∗) : The dependency on the active-sterile mixing is determined by the center-of-mass energy, i.e. by the physics run of the given e−e+ collider.
a trivial rescaling of the DELPHI results by the luminosity,
in fig. 7. This signature has been studied for the ILC in
refs. [50, 51].
We note that this final state can be produced by both
lepton-number-conserving and lepton-number-violating pro-
cesses and it might be possible to infer lepton number vio-
lation from the kinematic distributions.
3.2.2 Dilepton
The dilepton final state `α`βνν can be achieved from heavy
neutrinos that decay leptonically via the W boson or that
decay into two charged leptons via the Z or Higgs boson.
For the W boson decay channel at energies above the Z-
pole, the resulting process e−e+ Wt−−→ Nν W−→ `±αW∓ν →
`±α `
∓
β νν can be mistaken for the SM process e
−e+ →
W+W− and thus lead to a modified WW -production cross
section. In ref. [3] the sensitivity of this channel was es-
timated for |θe| 6= 0 and |θµ| = |θτ | = 0 using statistical
uncertainties of the WW production cross section (consid-
ering only leptonic final states), shown by the green line in
fig. 7.
When the heavy neutrino decays proceed via the Z boson,
the invariant mass of the charged lepton pair is compatible
with mZ . For the physics runs above the Z-pole, the chan-
nel e−e+ Wt−−→ Nν Z−→ Zνν → `±α `∓β νν, where α = β at tree
level, constitutes a signal with the SM background given by
e−e+ → ZZ. The signature yields a “mono-Z boson” can-
didate that may cause deviations of the SM predicted mono-
Z-production cross section. To the best of our knowledge,
this signature has not yet been investigated with respect to
sterile neutrino searches.
Similarly, for masses M above mh the heavy neutrino can
decay via a Higgs boson, which in turn decays into a pair
of τ leptons. This yields the signature of a “mono-Higgs”
candidate, similar to the one discussed in ref. [13] for a dijet
final state (see subsection 3.2.3).
At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-
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trino via off-shell W,Z and Higgs bosons. Its sensitivity is
included in the dashed purple line in fig. 7.
3.2.3 Dijet
The heavy neutrino decays via Z and Higgs boson, which in
turn decay hadronically, yields the final state with two jets
that have an invariant mass compatible with mZ and mh,
respectively, and missing energy due to the light neutrinos
escaping detection.
At center-of-mass energies above the Z pole the signal
strength is proportional to |θe|2 and this signature includes
hadronic “mono-Z” and “mono-Higgs” candidates, which
contribute to the overall Z and Higgs boson production
when the sterile neutrino mass M is larger than mZ and
mh, respectively. The sensitivities of the mono-Higgs sig-
nature at circular lepton colliders have been investigated in
ref. [13]. We refer to this search channel as “mono-Higgs”
and denote it by the solid and dashed yellow lines in fig. 7.
At center-of-mass energies around the Z pole the signal
strength is proportional to |θ|2 and the dijet signature is
generated from the decays of the heavy neutrino via off-
shell Z and Higgs bosons. Its sensitivity is included in the
dashed purple line in fig. 7.
3.2.4 Invisible
A completely invisible decay of the heavy neutrinos is pos-
sible via Z boson decays into light neutrinos. This invisi-
ble signature can in principle be tested via the spectrum of
initial state radiated photons. We remark that the “radia-
tive return” to the Z pole allows to measure the invisible
decay width of the Z boson, which is dominated by the de-
cays into light neutrinos and allows for a measurement of
the non-unitarity effects from sterile neutrinos with masses
larger than mZ (cf. ref. [52]).
We note that the decays via the Higgs boson into two light
neutrinos are possible but suppressed by one more order
in the θα. Presently, they are constrained by Higgs boson
branching ratios.
3.2.5 Indirect searches via electroweak precision
observables
Sterile neutrinos can be searched for “indirectly” via the
electroweak precision observables (EWPOs). Possible fu-
ture sensitivities can be inferred from the precision of the
future experimental measurements and the theory predic-
tion. They are dependent on the parameters |θe|2 + |θµ|2
and |θτ |2 separately. In ref. [3, 12, 53, 54] it was shown that
the FCC-ee and the CEPC are sensitive to sterile neutrino
masses up to about 60 and 40 TeV, respectively, via the
combination |θe|2 + |θµ|2, using eq. (3) for neutrino Yukawa
couplings O(1). We refer to these estimates for the sensi-
tivities on the active-sterile mixings as indirect searches via
the EWPOs and denote them by the solid and dashed blue
lines in fig. 7, which are taken from ref. [3].
3.2.6 Indirect searches via Higgs boson branching
ratios
In the presence of sterile neutrinos with non-vanishing neu-
trino Yukawa couplings, the total Higgs boson decay width
may be enlarged due to the extra decay channels into light
and heavy neutrinos, which are dependent on |θ|2. Such an
enlarged total decay width may decrease the Higgs boson
branching ratios into SM particles, which can be measured
at future lepton colliders at the Higgs threshold and beyond
as is discussed in ref. [3]. The Higgs branching ratio into
two W bosons is expected to be the one with the highest
precision [55], and we show the corresponding sensitivity by
the red line in fig. 7 from ref. [3].
Furthermore, sterile neutrinos contribute an invisible de-
cay channel for the Higgs boson, via their decays into three
light neutrinos, or when they are sufficiently long-lived to es-
cape the detector. The invisible decay channel of the Higgs
boson leads gives rise to the Higgs-to-invisible branching ra-
tio with tiny SM background that can in principle be mea-
sured e.g. in the recoil-spectrum of the associated Z boson.
3.2.7 Displaced vertex searches
Heavy neutrinos with masses below the W boson mass and
with very small mixings may be sufficiently “long-lived” to
give rise to displaced vertices, i.e. the heavy neutrino lifetime
allows for decays that feature a visible displacement from
the interaction point. Via virtual W , Z and h they decay
into the kinematically available SM particles. This displaced
secondary vertex constitutes an exotic and powerful signa-
ture to search for and is discussed in refs. [56, 57]. We refer
to this search channel as the “displaced vertex search” and
show its sensitivity for the Z-pole run, which is sensitive to
|θ|2, by the solid purple line in fig. 7 (taken from ref. [56]).
We note that also for the high energy runs displaced ver-
tex searches are possible. There, however, the production is
mostly sensitive to |θe|2 whereas the decays depend on all
the |θα|.
3.2.8 LFV signatures
The lepton-flavour-violating decays of a Z boson into two
charged leptons with different flavour constitute a clear sig-
nal for beyond the SM physics. In the presence of sterile
neutrinos, such lepton-flavour-violating decays arise at the
one loop level (as discussed in section 2.2.4, LFV is absent at
tree level). For the FCC-ee, this signal has been investigated
in the context of sterile neutrino models in refs. [58,59]. Fur-
thermore, also lepton-flavour violating Higgs boson decays
into two charged leptons of different flavour may be measur-
able, see e.g. refs. [60–62].
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Figure 7: Sensitivities of the different signatures to the active-sterile mixing and masses of sterile neutrinos at the FCC-ee and the CEPC. For
details on the signatures see text and tab. 3, for the considered modi operandi see fig. 4. See section 3.3 for a summary on the references that
were used.
3.3 Electron-positron colliders: summary
In the above section we presented and discussed a complete
list of the signatures for sterile neutrino searches at e−e+
colliders at leading order. Here we summarize our findings,
including results from previous works on the prospects of
sterile neutrino searches at future e−e+ colliders (within the
SPSS benchmark model). We have extended and updated
the summary plot shown in fig. 7 for the CEPC and FCC-ee
in the following ways:
We present first parton-level estimates for the lepton-dijet
signature at
√
s =250 GeV and 350 GeV for the CEPC and
FCC-ee, respectively, by the orange line. We updated the
sensitivities for the mono-Higgs signature from ref. [13] for
the dijet final state (at the reconstructed level) according
to the luminosity goals as given in fig. 4. This signature is
shown for the CEPC and FCC-ee with the solid and dashed
yellow lines for
√
s =250 and 350 GeV, respectively. The
sensitivity estimate for the conventional Z pole search is
shown by the dashed purple line, and it was obtained from
a trivial rescaling (cf. ref. [3]) of the DELPHI results. The
sensitivity from the displaced vertex searches for sterile neu-
trinos at the Z pole is taken from ref. [56] and shown by the
solid purple lines. The estimates for the sensitivity of the
indirect searches from the EWPOs, the Higgs boson branch-
ing ratios, and the sensitivity estimate for the dilepton final
states at
√
s =250 GeV, are from ref. [3] .
We note that the Z pole run of an e−e+ collider allows
to test the active-sterile mixing parameter |θ|2, whereas
the physics runs at higher energies, starting with the WW
threshold scan, are mainly sensitive to |θe|2. The relative
strength of the |θα| can be inferred, e.g. from the lepton-
dijet final states.
We find that the best sensitivity is given by the displaced
vertex searches at the Z pole, which can test |θ|2 as small
as ∼ 10−8 and ∼ 10−11 at the CEPC and the FCC-ee, re-
spectively, for heavy neutrino masses below mW . It is worth
noting that the sensitivity of the FCC-ee in this channel is
even closing in on the active-sterile mixing that is expected
from the na¨ıve type-I seesaw relation.
Among the direct searches for the physics runs above the
Z pole, our estimate for the lepton-dijet signature shows a
comparable sensitivity to the dilepton and the mono-Higgs
signatures, and allow tests of |θe|2 down to ∼ 10−5 at the
CEPC and FCC-ee, respectively. We remark that that the
mono-Z signature has not yet been investigated with respect
to sterile neutrino searches, but we expect its sensitivity to
be similar to the aforementioned direct searches.
The indirect searches for effects from sterile neutrinos via
the electroweak precision observables allow to test the com-
bination |θe|2 + |θµ|2 down to values slightly below ∼ 10−4
and∼ 10−5 at the CEPC and FCC-ee, respectively, and they
allow to test masses M above the center-of-mass energy and
well into the O(10) TeV range.
We remark that lepton-number-violating processes exist,
that contribute to the lepton-dijet and to the dilepton final
states. However, they always contain a light neutrino in the
final state such that there is no unambiguous LNV signature.
Nevertheless, using the different kinematics of signature and
background final states with different light neutrino lepton
number, it might be possible to find a signal of LNV at e−e+
colliders.
We have focused here on circular colliders, however we
like to note that also linear colliders such as the ILC or
CLIC can efficiently search for sterile neutrinos via the same
signatures. The latter will also run at higher energies (cf. fig.
4) and therefore their direct searches have an extended mass
reach for testing heavy neutrinos, compared to the circular
colliders.
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4 Searches at future pp colliders
Hadron colliders are designed to collide protons at high-
est center-of-mass energies. The currently operating LHC
can reach up to 14 TeV center-of-mass energy and with the
high luminosity upgrade (HL-LHC), with its construction
planned to begin in 2018, it is foreseen to collect 3 ab−1
of data after 2030 [63]. The currently discussed next gen-
eration hadron colliders, the Future Circular hadron Col-
lider (FCC-hh) [64–66] and the Super proton-proton Col-
lider (SppC) [67], envisage center-of-mass energies of up to
100 TeV and 70 TeV, respectively, with target integrated
luminosities of around 20 ab−1 [68].
Many authors have worked on the search for sterile neutri-
nos at the LHC, where they are often referred to as “heavy
neutral leptons”, see e.g. ref. [69] and references therein for
an overview. In this section we discuss the signal channels
of heavy neutrinos from the third column in fig. 2 and cast
a first look at possible sensitivity prospects for sterile neu-
trino searches at the HL-LHC and FCC-hh/SppC, where we
assume for the latter 100 TeV center-of-mass energy and 20
ab−1 total integrated luminosity.
4.1 Production mechanism
As discussed in sec. 2.2.1, heavy neutrinos can be produced
in hadronic collisions e.g. from Drell-Yan processes (cf. fig.
8), from Higgs boson decays, and in gauge boson fusion.
The dominating production mechanism for smaller center-
of-mass energies is Drell-Yan, while Wγ fusion becomes
more important at higher center-of-mass energies and for
larger M [70].
The Drell-Yan production of a heavy neutrino yields an
associated light neutrino or a (negatively or positively)
charged lepton, for the production channel Zs or Ws, re-
spectively, cf. fig. 2. The corresponding production cross
sections for all the three possible associated leptons are
quantitatively similar for the here considered center-of-mass
energies and heavy neutrino masses. The exception to this
statement is for 50 GeV ≤ M ≤ 200 GeV, where the pro-
duction cross section σ(pp→ νN) (via Zs) can be up to an
order of magnitude larger than σ(pp→ `±N) (via Ws).
We show the sterile neutrino production cross section in
proton-proton collisions for Zs, and Ws respectively, and
Wγ fusion in fig. 9. We remark that Wγ fusion is included
in the figure despite being higher order, because it becomes
relevant for larger masses M whereas the production cross
section via Zs and Ws are more strongly suppressed for large
M due to the high virtuality of the intermediate Z and W
bosons [70]. Furthermore, also the heavy neutrino produc-
tion via the Higgs boson becomes increasingly relevant for
large M , and has been shown to dominate over Drell-Yan
at
√
s = 100 TeV for M > 1.5 TeV, see refs. [71,72]. Never-
theless, we will focus on the leading order signatures via Zs
and Ws in the following.
Drell-Yan
Z(W±)
ν(ℓ±)
Nq(q
′)
q¯
production channel: Zs (Ws)
Figure 8: Dominant Feynman diagrams for the production of heavy
neutrinos with masses below ∼ 1 TeV in proton-proton collisions.
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Figure 9: Production cross sections σN , divided by |θ|2, for the process
p p → N ν via Zs and Wγ, with p being a parton and N a heavy
neutrino. Production via Wγ fusion becomes relevant for larger heavy
neutrino masses despite being higher order than Zs. The production
cross section for the process p p → N `α via Ws, with `α being a
charged lepton, is very similar to the one via Zs.
4.2 Signatures and searches
In this section, we discuss observable effects from sterile neu-
trinos at pp colliders, which manifest themselves in specific
final states with the related production and decay channels,
cf. fig. 2, the dependency on the active-sterile mixing an-
gles, lepton-number and lepton-flavour violation. We refer
to these effects as signatures and list them in tab. 4.
In the following we discuss these signatures one by one,
including existing search strategies employed for sterile neu-
trino searches at the LHC. Moreover, we present “first looks”
for the 1σ sensitivities of each channel to the sterile neutrino
parameters at the parton level for the HL-LHC, and also for
the FCC-hh/SppC. We refer the reader to section A.3 in the
appendix on the calculation of the sensitivities.
4.2.1 Dilepton-dijet
Heavy neutrino production via Ws together with their de-
cays via the charged current gives rise to the semileptonic
final state `α`βjj. The hadronic jets j stem from the inter-
mediate W boson, which is on-shell for M > mW , leading to
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Name Final State Channel [production,decay] |θα| dependency LNV/LFV
dilepton-dijet `α`βjj [Ws,W ]
|θαθβ |2
θ2
X/X
trilepton `α`β`γν [Ws, {W,Z(h)}]
{
|θαθβ |2
θ2
(∗)
, |θα|2(∗)
}
×/X
lepton-dijet `ανjj [Ws, Z(h)], [Zs,W ] |θα|2 ×
dilepton `α`βνν [Zs, {W,Z(h)}]
{
|θα|2(∗), |θ|2(∗)
}
×
mono-lepton `αννν [Ws, Z] |θα|2 ×
dijet ννjj [Zs, Z(h)] |θ|2 ×
Table 4: Signatures of sterile neutrinos at leading order for pp colliders with their corresponding final states, production and decay channels
(cf. section 2.2), and their dependency on the active-sterile mixing parameters. A checkmark in the “LNV/LFV” column indicates that an
unambiguous signal for LNV and/or LFV is possible (cf. discussion in sections 2.2.3 and 2.2.4).
(∗) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons is known.
the dijet invariant mass Mjj ∼ mW . The event rate is sen-
sitive to the combination of |θα|2 and |θβ |2/|θ|2 through the
production and decay channel, respectively, and the flavour
indices α, β can be inferred from the charged leptons.
This signature includes “same-sign” dileptons, which vio-
late lepton number by two units and has no SM background,
apart from mis-identification (cf. however footnote 4). It has
been studied for the LHC [50, 73–79] and also for luminosi-
ties of 1 ab−1 at the LHC and the FCC-hh in [70]. Further-
more, the question of how to infer the CP-phases, mixings,
and mass ratios in the neutrino sector using di-lepton events
has been discussed in [80,81].
The dilepton-dijet signature gives also rise to lepton-
number conserving “opposite-sign” dileptons. We display
our first estimate for a possible 1σ sensitivity of the HL-LHC
and the FCC-hh/SppC to this signature with the green line
in fig. 10. Therein, we assumed one fixed flavour α with
β = α and |θδ| = 0 for all δ 6= α.
The final state `±α `
∓
β jj for α 6= β yields an unambiguous
signal for lepton flavour violation (at the parton level), as
discussed in section 2.2.4 (cf. also [82], where this signature
has been discussed for the “Inverse Seesaw” model at the
LHC). We show our estimate for a possible 1σ sensitivity
as the solid purple line in fig. 10. Therein, we assumed
|θα| = |θβ | 6= 0 and |θδ| = 0 for δ 6= α, β. We remark that
although this signature has no background at the parton
level, due to the finite resolution for the missing momentum
at the detector level some SM processes with additional light
neutrinos become relevant backgrounds. We consider here
as background the dominant ditop production, as detailed
in the appendix A.3. Without the backgrounds, sensitivities
as small as ∼ O(10−6) and ∼ O(10−8) would be possible for
the HL-LHC and the FCC-hh, respectively.
Moreover, we include a 1σ sensitivity estimate for the
`±α `
∓
β jj signature with α 6= β for the run 2 of the LHC with
50 fb−1 by the purple dotted line in fig. 10.
4.2.2 Trilepton
The production channel Ws can give rise to the final state
`α`β`γν for all the possible decay modes of the heavy neu-
trino when the W, Z, and Higgs boson decay leptonically.
For the LHC, this signature was, for instance, studied in
refs. [50, 75,78,80,83,84].
The leptonic decays of the Z and Higgs boson yield `β`γ ,
with β = γ, and the invariant mass M`β`γ is ∼ mZ or ∼ mh,
respectively, and for the Higgs boson only β = γ = τ has a
sizeable branching ratio. This channel is sensitive to |θα|2
given that the leptons from the decaying Z or Higgs boson
can be identified as such.
The decays of a heavy neutrino into a W boson are accom-
panied by a charged lepton `β , and the leptonic decays of the
W yield `γν. In this channel, the three lepton flavour indices
are independent from each other, and the observable effects
from heavy neutrinos are sensitive to |θαθβ |2/|θ|2 given that
the lepton stemming from the W decay (i.e. `γ) can be iden-
tified as such.
We note that this signature may allow to test lepton-
number violation, which may be separable from the lepton-
number conserving channels using differences in the kine-
matic distributions of the leptons, as studied in ref. [85,86].
Furthermore, the final state `e`µ`τν yields an unambigu-
ous signal of lepton flavour violation (at the parton level),
with SM background only appearing at higher order with
two additional light neutrinos in the final state. This fi-
nal state has been discussed in the context of a radiative
neutrino mass model at the LHC in ref. [87]. We display
a first estimate for the sensitivity within low scale seesaw
models (using the SPSS as benchmark) for the HL-LHC
and the FCC-hh/SppC by the blue line in fig. 10. Therein
we assumed |θα| = |θβ | 6= 0 and |θδ| = 0 for δ 6= α, β for
simplicity (and treated the background as detailed in the
appendix A.3). Without the backgrounds, sensitivities as
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small as ∼ O(10−5) and ∼ O(10−7) would be possible for
the HL-LHC and the FCC-hh, respectively.
4.2.3 Lepton-dijet
The effects from heavy neutrinos in the final state `ανjj
are sensitive to the active-sterile mixing |θα|2, and the lep-
ton flavour index can be inferred from the charged lepton.
This signature can be created from heavy neutrinos via two
different production and decay channels.
The first possibility is the production of the heavy neu-
trino via Ws and its decay via a Z or a Higgs boson into a
neutrino and a dijet, with the invariant mass of the two jets
Mjj ∼ mZ or mh, respectively.
The second possibility is given by Zs, with the subse-
quent decay of the heavy neutrino via the charged current
into a charged lepton and two jets, where the invariant dijet
mass Mjj ∼ mW , for M > mW . This channel features a
resonance in the transverse mass distribution of the `±α jj
system at the mass M .
We display first estimates for the sensitivities of the
lepton-dijet final state at the HL-LHC and the FCC-
hh/SppC by the red line in fig. 10.
4.2.4 Dilepton
The final state `α`βνν, with the neutrinos giving rise to
missing transverse momentum, can be created from heavy
neutrinos that are produced via Zs, and decay purely lep-
tonically.
In the case of the intermediate boson being a Z or a Higgs
the invariant mass M`α`β = mZ or mh, respectively, and
the lepton flavour indices are identical (α = β). This chan-
nel may be referred to as a leptonic “mono-Z”, or leptonic
“mono-Higgs”, which both are dependent on |θ|2. In the
case of the heavy neutrino decaying via the charged cur-
rent, the leptonic W decay can give rise to the dilepton final
state with α 6= β, which is dependent on |θα|2.
We display first estimates for the sensitivity to |θ|2 of the
dilepton final state at the HL-LHC and the FCC-hh/SppC
by the cyan line in fig. 10. The combined contribution from
W,Z and Higgs boson decays to the final states is obtained
by summing over the flavour indices of the charged leptons.
Here, for simplicity, only one of the |θα| is taken to be non-
zero.
4.2.5 Monolepton
The production of a heavy neutrino via Ws and its subse-
quent decay into three neutrinos, via a Z boson, gives rise to
the final state of a single charged lepton and missing energy.
This signature is dependent on |θα|2, which can be inferred
from the charged lepton. It is typically used in searches for
dark matter, see e.g. refs. [88,89]. To the best of our knowl-
edge, it has not been studied before with respect to searches
for sterile neutrinos.
We display our own first estimates for the sensitivities of
the monolepton final state at the HL-LHC and the FCC-
hh/SppC by the orange line in fig. 10.
4.2.6 Dijet
The production of a heavy neutrino via Zs and its subse-
quent decay into two hadronic jets via an intermediate Z or
Higgs boson leads to the final state jjνν, with the invari-
ant mass of the dijet Mjj ∼ mZ or mh, respectively. This
process is dependent on the active-sterile mixing parameter
|θ|2. It is often referred to as “mono-Z” or “mono-Higgs”
depending on the invariant mass of the dijet system, and
it is used for “hidden sector” searches at the LHC, see e.g.
ref. [90].
To the best of our knowledge we are discussing the “mono-
Z” signature here in the context of sterile neutrinos for the
first time. The “mono-Higgs” signature at the LHC has
been studied in [91], however it was found that it is not
very promising due to large top-related backgrounds. We
display our first estimates for the sensitivities of the mono-
Z signature with dijet final state at the HL-LHC and the
FCC-hh/SppC by the yellow line in fig. 10.
4.2.7 Searches via Higgs boson properties
As discussed in section 3.2.6 for the case of the proposed
e−e+ colliders, searches for sterile neutrinos via Higgs bo-
son branching ratios are also possible (although with less
sensitivity) at future pp colliders, as has been studied for
the LHC in ref. [92,93]. Effects of sterile neutrinos on mea-
surements of the Higgs self-coupling have been discussed
recently in ref. [25].
4.2.8 LFV signatures
At the loop level, sterile neutrinos can induce lepton flavour
violating decays of the Higgs and Z boson into charged lep-
tons. Searches for heavy neutrinos via these signatures have
been studied for the LHC in [61,62,94,95].
We note that the LFV signatures `α`βjj and `α`β`γν that
can occur via heavy neutrinos at tree level are discussed
above.
4.2.9 Displaced vertex searches
Heavy neutrinos withM ≤ mW and small active-sterile mix-
ing can be “long lived” such that they decay with a mea-
surable displacement from the interaction point. For inte-
grated luminosities of 0.3 ab−1 these searches at the HL-
LHC have been studied in different theoretical frameworks
in refs. [96–100]. The FCC-hh produces a comparable num-
ber of heavy neutrinos to the FCC-ee, however, a dedicated
analysis of the sensitivity has not been done yet. For a first
look at the possible sensitivity of the HL-LHC and the FCC-
hh/SppC to sterile neutrinos via this signature, we proceed
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Figure 11: First look at the sensitivity of the HL-LHC and the FCC-
hh/SppC to sterile neutrinos via displaced vertex searches, where
|θ|2 = ∑α |θα|2. For our estimate, we have considered vertex dis-
placements between 1 mm and 1 m as background-free, 100% signal
efficiency, and an average Lorentz factor of 40 and 100 for the HL-LHC
and the FCC-hh/SppC, respectively.
analogously to ref. [56]. We assume that vertices with a
displacement from the interaction region of at least 1 mm
and at most 1 m have no background and can be measured
with 100% efficiency (as in [98]). Furthermore, from the
kinematics of the heavy neutrinos we assume an average
Lorentz factor of 40 and 100 from proton-proton collisions
at 14 and 100 TeV, respectively. We show the estimated sen-
sitivity of the pp colliders to |θ|2 corresponding to at least
four events in fig. 11. We stress that due to the much more
challenging experimental environment, we expect that the
signal efficiency will be much lower than at e−e+ colliders.
For a realistic estimate of the sensitivity a thorough study
of the detector response and the backgrounds is required.
4.3 Proton-proton colliders: summary
In this section we summarize our findings regarding the sen-
sitivities for sterile neutrinos at future pp colliders, for which
we presented a complete list of signatures at leading order
in the previous section.
We present here a “first look” at the possible sensitivities
of sterile neutrino searches via lepton-number-conserving
final states and for sterile neutrino masses larger than
200 GeV in fig. 10, assuming a total integrated luminos-
ity of 3 ab−1 and 20 ab−1 for the HL-LHC and the FCC-
hh/SppC, respectively. We emphasize that our estimates are
calculated at the parton level, and for all the new signatures
a more thorough analysis on the reconstructed level should
be done in the future. In the figure, the grey dashed hori-
zontal line denotes the present upper bound on the mixing
angle |θτ |2 at the 90% confidence level.
We note that the hadron colliders are sensitive to |θe| ,
|θµ| and |θτ | independently, and it is in principle possible to
infer the relative strength of the |θα| e.g. via the lepton-dijet
final states.
We find that the HL-LHC can test sterile neutrinos with
masses up to ∼ 450 GeV that are compatible with present
constraints on active-sterile mixing. The FCC-hh/SppC en-
hances this mass reach to ∼ 2 TeV. The best sensitivities
for M > 200 GeV are given by the lepton-flavour violating
dilepton-dijet final states `α`βjj for α 6= β, which can test
the active-sterile mixing combinations |θeθµ|2/θ2, |θeθτ |2/θ2
and |θµθτ |2/θ2 down to ∼ 10−4 and ∼ 10−5 at the HL-LHC
and the FCC-hh, respectively, for M ∼ 200 GeV. It is in-
teresting to note that already run 2 at the LHC can provide
sensitivities ∼ 10−3 via this channel. The increase in center-
of-mass energy from 14 TeV to 100 TeV and in luminosity
improves the sensitivities of all signatures.
As for the LHC, we expect that also at future pp colliders
the search via displaced vertices is possible for masses M
below ∼ 100 GeV. We presented a first look at the possible
sensitivities of the HL-LHC and the FCC-hh/SppC in fig. 11,
which show that |θ|2 as small as ∼ 2×10−10 and ∼ 3×10−11
may yield a visible signal at the HL-LHC and the FCC-
hh/SppC, respectively, given a signal efficiency of 100%.
Furthermore, the lepton-number-violating final states give
rise to exotic signals without SM backgrounds at the par-
ton level, which may in principle provide good prospects for
testing sterile neutrinos, but are suppressed by the (approx-
imate) “lepton number”-like protective symmetry.
Furthermore, we expect that for M above about 1 TeV
the lepton number conserving but lepton flavour violating
dilepton-trijet signature via Wγ fusion could also have a
competitive sensitivity.
5 Searches at e−p colliders
Electron-proton colliders are hybrids between e−e+ and pp
colliders, which consist of a hadron ring with an intersecting
electron beam. They allow for a cleaner collision environ-
ment compared to the pp colliders and for higher center-of-
mass energies than the e−e+ colliders.
Currently, a future e−p collider is discussed as an upgrade
of the LHC, the Large Hadron-electron Collider (LHeC),
which comprises a 60 GeV electron beam and possible elec-
tron polarization of up to 80% [101–103] that will collide
with the 7 TeV proton beam inside the LHC tunnel. The
machine is planned to deliver up to 100 fb−1 integrated lumi-
nosity per year at a center-of-mass energy of ∼ 1.0 TeV, col-
lecting ∼1 ab−1 over its lifetime. A more ambitious design
for an e−p collider is presently discussed among the Future
Circular Collider design study, namely the Future Circular
electron-hadron Collider (FCC-eh) [104], which features a
60 GeV electron beam (higher energies are also possible)
that is brought into collision with the 50 TeV proton beam
from the FCC-hh. This would result in center-of-mass en-
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Figure 10: First look at the possible 1σ sensitivity of the lepton-number-conserving signatures (see tab. 4) for sterile neutrino searches at pp
colliders. We consider an integrated total luminosity of 3 and 20 ab−1 for the HL-LHC (
√
s = 14 TeV) and the FCC-hh/SppC (
√
s = 100 TeV),
respectively. The grey horizontal line denotes the present upper bound on the mixing angle |θτ |2 at the 90% confidence level. For details on the
calculation of the sensitivities on the parton level, see section A.3 in the appendix.
ergies up to 3.5 TeV with comparable luminosities to the
LHeC, cf. ref. [105].
First studies of right-handed currents and heavy neutrinos
in high-energy e−p collisions [106,107] have been conducted
for HERA at DESY, which was the first machine of this kind
and operated from 1992 to 2007. They were motivated by
extended gauge sectors, such as left-right symmetric mod-
els, or quark-lepton unified gauge groups. The discussion of
searches for heavy neutrinos at an LHeC-like collider started
with ref. [108] soon after the commissioning of HERA. Re-
cently, right-handed neutrino searches at e−p colliders were
investigated in the context of seesaw models [109–111], effec-
tive field theories [112], and in left-right symmetric [113,114]
theories.
5.1 Production mechanism
At e−p colliders the heavy neutrinos can be produced effi-
ciently from the incident electron beam via the production
channel Wt, see also sec. 2.2.1. When the electron interacts
with the quark current of the proton, the heavy neutrino is
produced together with a quark jet and we label this chan-
nel Wt
(q) (see in fig. 12 (top)). On the other hand, Wγ-
fusion gives rise to a heavy neutrino with a W− boson when
the electron interacts with an initial state photon stemming
from the proton. We label this channel Wt
(γ) (see in fig. 12
(bottom)) and remark that it is suppressed by the parton
distribution function of the photon.
Both production channels are dependent on the active-
sterile mixing parameter |θe|. We show the production cross
section σN divided by |θe|2 for heavy neutrinos via Wt(q)
and Wt
(γ), respectively, at the LHeC and the FCC-eh in
fig. 13 as a function of the heavy neutrino mass M .
production channel: Wt
(q)
production channel: Wt
(γ)
Figure 12: Feynman diagrams denoting the production channels for
heavy neutrinos in electron-proton scattering at the leading order. The
dominant and suppressed production channel proceeds via t-channelW
boson exchange and gauge boson fusion, respectively.
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Figure 13: Heavy neutrino production cross section σN divided by the
square of the active-sterile mixing parameter |θe|2 for the production
channel Wt
(q) from the quark currents and Wt
(γ) from Wγ fusion for
the LCeH and FCC-eh, respectively. For the computation an angular
acceptance of 1◦ ≤ ϑ ≤ 179◦ has been assumed.
5.2 Signatures and searches
In this section, we discuss signatures from sterile neutrinos
at e−p colliders, which manifest themselves in specific final
states with the related production and decay channels, the
dependency on the active-sterile mixing angles, and lepton-
number and lepton-flavour violation. For heavy neutrinos
produced via the quark current of the proton, i.e. via the
channel Wt
(q), we expect “four-fermion final states” while
for heavy neutrinos produced via Wγ fusion, i.e. via the
channel Wt
(γ), we expect “five-fermion final states” (at the
parton level). We list the signatures for the four-fermion fi-
nal states in the upper part and the five-fermion final states
in the lower part of tab. 5. In the following we discuss the
signatures for all the four-fermion final states, and we dis-
cuss a few promising five-fermion signatures for comparison.
Furthermore, we present first estimates for the possible 1σ
sensitivities to the sterile neutrino parameters of the LHeC
and the FCC-eh at the parton level.
5.2.1 Lepton-trijet
After the heavy neutrino is produced via Wt
(q), its decays
via the charged currents yield, with the hadronic decays of
the W boson, the final state `αjjj. Two of these jets have an
invariant mass that is compatible with mW , which might be
useful for background rejection. Its production makes this
signature dependent on |θe|2, its decays into `α to |θα|2/θ2
in the narrow width approximation.
An unambiguous signal for lepton-number-violating pro-
cesses is given by the final states `+α jjj (where lepton num-
ber is violated by two units) for which there is no SM back-
ground. The lepton-number-violating final state with α = e
is studied by [109–114] for the LHeC, which are however
suppressed by the (approximate) protective symmetry.
The signature also includes the lepton-number-conserving
case, given by the final states `−α jjj, for which we give
our estimates for the sensitivity to the neutrino parameters.
The lepton-flavour-conserving case with α = e is studied in
ref. [109] for the LHeC. We show our estimate for the sensi-
tivity of the LHeC and the FCC-eh via this channel by the
green line in fig. 14, assuming |θµ| = |θτ | = 0.
For the case with α = τ, µ there exists a lepton-flavour-
violating signature with no SM background at the parton
level, which has been studied in ref. [110]. We remark that
due to the finite resolution for the missing momentum at
the detector level some SM processes with additional light
neutrinos become relevant backgrounds, as detailed in the
appendix A.4. In fig. 14 we show the sensitivity for α = τ
(to |θeθτ |2/θ2), assuming |θe| = |θτ | 6= 0 and |θµ| = 0, by
the purple lines for the LHeC (left) and FCC-eh (right).
The sensitivity is the same for α = µ, which depends on
|θeθµ|2/θ2. Without the backgrounds, sensitivities as small
as ∼ O(10−7) and ∼ O(10−8) would be possible for the
LHeC and the FCC-eh, respectively.
5.2.2 Jet-dilepton
All the decay channels from the heavy neutrino that is pro-
duced via W
(q)
t can contribute to the jet-dilepton final state
j`α`βν.
Decays via the Z and Higgs boson result in lepton-
number-conserving final states with α = β, which have an
invariant mass of the dilepton system that is compatible
with mZ and mh, respectively. These channels are depen-
dent on |θe|2 on the cross-section level.
Decays of the heavy neutrinos via the W boson are accom-
panied by a charged lepton `α, and the leptonic decays of
the W yield `βν. This channel is dependent on |θeθα|2/|θ|2,
however, one needs to distinguish the origin of the charged
leptons, i.e. identify `α as the accompaniying lepton to the
W boson. Moreover, it can proceed via lepton-number-
conserving or violating processes. The lepton-number and
lepton-flavour-conserving final state (with α = e) is studied
in ref. [109]. It may be possible to infer the lepton-number-
conserving and violating contributions to this signature via
the kinematic distributions of the charged leptons as was
discussed for the LHC in ref. [86]. Furthermore, the two
lepton flavour indices are independent for this channel and
can lead to lepton-flavour-violating final states.
The final state j`−α `
+
β ν, with α 6= e and α 6= β, i.e. when
the negatively charged lepton is not an electron, provides
a novel unambiguous signal for LFV at the parton level.
However, as discussed in section 2.2.4, SM backgrounds with
a larger number of light neutrinos in the final state exist,
which have to be taken into account. We include a first
estimate of the 1σ sensitivity of the j`µ`τν final state by
the red line in fig. 14, wherein we assumed |θe| = |θµ| and
|θτ | = 0 (and treated the SM background as discussed in
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Name Final State Channel [production,decay] |θα| dependency LNV/LFV
lepton-trijet jjj`α [Wt
(q),W ]
|θeθα|2
θ2
X/X
jet-dilepton j`±α `
∓
β ν [Wt
(q), {W,Z(h)}]
{
|θeθα|2
θ2
(∗)
, |θe|2(∗)
}
×/X
trijet jjjν [Wt
(q), Z(h)] |θe|2 ×
monojet jννν [Wt
(q), Z] |θe|2 ×
lepton-quadrijet jjjj`α [Wt
(γ),W ]
|θeθα|2
θ2
X/X
dilepton-dijet `α`βνjj [Wt
(γ), {W,Z(h)}]
{
|θeθα|2
θ2
(∗)
, |θe|2(∗)
}
×/X
trilepton `−α `
−
β `
+
γ νν [Wt
(γ), {W,Z(h)}]
{
|θeθα|2
θ2
(∗)
, |θe|2(∗)
}
×/X
quadrijet jjjjν [Wt
(γ), Z(h)] |θe|2 ×
lepton-dijet `−α jjνν [Wt
(γ), Z(h)] |θe|2 ×
dijet jjννν [Wt
(γ), Z] |θe|2 ×
monolepton `−α νννν [Wt
(γ), Z] |θe|2 ×
Table 5: Signatures of sterile neutrinos at leading order for e−p colliders with their corresponding final states, production and decay channels
(cf. section 2.2), and their dependency on the active-sterile mixing parameters. A checkmark in the “LNV/LFV” column indicates that an
unambiguous signal for LNV and/or LFV is possible (cf. discussion in sections 2.2.3 and 2.2.4). The upper and lower part of the table contains
signatures where the heavy neutrino is produced via electron-quark scattering (W
(q)
t ) and Wγ-fusion (W
(γ)
t ), respectively.
(∗) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons is known.
the appendix A.3). Without the backgrounds, sensitivities
as small as ∼ O(10−5) and ∼ O(10−7) would be possible for
the LHeC and the FCC-eh, respectively.
5.2.3 Trijet
The trijet final state jjjν, with the light neutrino giving
rise to missing transverse momentum, results from W
(q)
t
produced heavy neutrinos that decay hadronically via the Z
or Higgs boson. Consequently, the invariant mass of two jets
is compatible with mZ or mh, which may be helpful to reject
some of the backgrounds. Furthermore in the case of the
Higgs decays, the jets are most likely to stem from b quarks
and b-tagging may help to further separate the backgrounds.
This process is sensitive to |θe|2 and its sensitivity to the
neutrino parameters via the Higgs decays is denoted by the
the orange line in fig. 14.
5.2.4 Monojet
The production of a heavy neutrino via W
(q)
t and its subse-
quent invisible decay into light neutrinos via an intermedi-
ate Z boson leads to the final state jννν, a jet and missing
energy, referred to as monojet. The Higgs boson can also
decay into light neutrinos, which allows to test the Higgs
invisible decay width in this channel, but it is suppressed
by one further order in |θα|. The monojet signature from
heavy neutrinos is sensitive to |θe|2 and our estimate for the
sensitivity is shown by the light blue line in fig. 14.
5.2.5 Five fermion final states from Wγ-fusion
Heavy neutrinos produced via Wγ-fusion (W
(γ)
t ) give rise
to five-fermion final states at the leading order. These signa-
tures are suppressed by the parton distribution function of
the photon, however they can include final states with sup-
pressed SM backgrounds. For a complete list of these signa-
tures, including the respective five-fermion final states, de-
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pendency on the active-sterile mixing parameters, and pos-
sible lepton-number and lepton-flavour violation, we refer
the reader to the lower part of tab. 5.
As an example of the lepton-number and flavour conserv-
ing Wγ-fusion signatures we show our estimates for the sen-
sitivity on |θe|2 of the lepton-dijet final state `−e bbνν, where
the b-quarks stem from Higgs decays, by the blue line in fig.
14. We notice that the sensitivity improves strongly with
increasing center-of-mass energy.
Furthermore, the following signatures include unambigu-
ous signals of lepton-number and/or lepton-flavour violating
final states (at the parton level):
• Lepton-quadrijet in the lepton-number-violating final
states jjjj`+α or in the lepton-flavour-violating final
states jjjj`α for α 6= e provide signals for LNV and
LFV.
• The dilepton-dijet final states includes `±α `∓β νjj and
`−α `
−
β νjj. Particularly interesting are the lepton-
flavour-violating final states `+α `
−
β νjj with β 6= e and
α 6= β, and `−µ `−τ νjj.
• Trilepton final states arise from the charged current
decays of the heavy neutrino can lead to the lepton-
number-violating final state `−α `
−
β `
+
e νν for α, β 6= e.
The above final states have been studied for the LHeC in
ref. [109] for the case α = e.
5.2.6 LFV signatures
As mentioned earlier, at the loop level the sterile neutrinos
can induce lepton-flavour-violating decays of the Higgs and
Z boson into charged leptons. Such searches are in principle
also possible at the e−p collider.
We note that novel LFV signatures are discussed above
in section 5.2.1 on the lepton-trijet, 5.2.2 on the jet-dilepton
and 5.2.5 for the lepton-quadrijet signature.
5.2.7 Displaced vertex searches
For a first look at the possible sensitivity of the LHeC
and the FCC-eh to sterile neutrinos via this signature, we
make the same assumptions regarding the visibility of dis-
placement and the signal efficiency (assumed to be 100%)
as in sec. 4.2.9. Furthermore, from the kinematics of the
heavy neutrinos we assume a Lorentz factor of 3 and 5 from
electron-proton collisions at the LHeC and the FCC-eh, re-
spectively. We show the sensitivity corresponding to at least
four events in fig. 15. We remark that for a realistic estimate
of the sensitivity a thorough study of the detector response
and the backgrounds is required.
5.3 Electron-proton colliders: summary
In this subsection, we summarize our findings regarding the
sensitivities for sterile neutrinos at future e−p colliders. In
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Figure 15: First look at the sensitivity of the LHeC and the FCC-eh
to sterile neutrinos via displaced vertices. For our estimate, we have
considered vertex displacements between 1 mm and 1 m as background-
free, 100% signal efficiency, and an average Lorentz factor of 3 and 5
for the LHeC and the FCC-eh, respectively.
the previous section we have presented a complete list of sig-
natures for sterile neutrinos, which were produced at leading
order either from interactions of the electron with the quark
current of the proton or from Wγ-fusion.
We present a “first look” at the 1σ sensitivities for lepton-
number-conserving final states, at the LHeC and the FCC-
eh with an integrated luminosity of 1 ab−1 each, in fig. 14
for heavy neutrino masses above 200 GeV. We emphasize
that our estimates are calculated on the parton level, and
for all the new signatures a more thorough analysis at the
reconstructed level should be done in the future. In the
figure the grey dotted horizontal line denotes the present
upper bound on |θe| at the 90% Bayesian confidence level.
We note that the heavy neutrino production cross section
is dependent on |θe|2 only, and the relative strength of the
|θα|2 can be inferred via the relative strength e.g. via the
lepton-trijet, and the lepton-quadrijet signature, which are
both depending on |θeθα|2/|θ|2.
We find that sterile neutrinos with mixings close to the
present upper bound can be tested for masses up to ∼ 1 TeV
and ∼ 2.7 TeV, at the LHeC and FCC-eh, respectively. The
comparison of the sensitivities of the LHeC and the FCC-
eh for the individual signatures (cf. fig. 14) shows, that an
increased proton beam energy improves the sensitivities of
the lepton-flavour-conserving signatures, and, especially the
maximum sensitivity of the LFV jet-dilepton improves by
about two orders of magnitude. We expect that (at least
some of) the other Wγ-fusion signatures should have sensi-
tivities that might be comparable to the ones shown in the
figure.
Although some of the lepton-number-violating signatures
do not have SM backgrounds at the parton level, their cross
sections are suppressed by the protective symmetry, and we
therefore do discuss them here in more detail.
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Figure 14: First look at the possible 1σ sensitivity of the lepton-number-conserving signatures (see tab. 5) for sterile neutrino searches at e−p
colliders. We consider an integrated total luminosity 1 ab−1 for the LHeC (7 TeV proton beam energy) and the FCC-eh (50 TeV proton beam
energy), respectively. For details on the calculation of the sensitivities on the parton level, see section A.4 in the appendix. Note that the the
purple line becomes flat for large M because the process probes the non-unitarity of the PMNS matrix in this limit.
The best sensitivity for masses above 200 GeV is ob-
tained from the lepton-flavour-violating lepton-trijet final
state, which could test squared active-sterile mixings as
small as ∼ 10−6 for both, the LHeC and the FCC-eh, assum-
ing |θe| = |θα|, α = µ, τ . For masses below mW , the best
sensitivity can be achieved via displaced vertex searches.
We presented a first look at the possible sensitivities of the
LHeC and the FCC-eh in fig. 15, which show that |θe|2 as
small as ∼ 2 × 10−8 and ∼ 6 × 10−9 may be tested at the
LHeC and the FCC-eh, respectively, given a signal efficiency
of 100%.
6 Conclusions
In this paper we have systematically analyzed the possibili-
ties of future electron-positron, proton-proton and electron-
proton colliders for searching sterile neutrinos. We discussed
the production and decay channels and provided a complete
list of the leading order signatures. Among other things, we
discussed several novel search channels and presented first
looks at the possible sensitivities for the active-sterile mix-
ings |θα| and the heavy neutrino mass M . Our discussion
of the production and decay channels comprises their de-
pendencies on the active-sterile neutrino mixing parameters,
lepton-number-violating (LNV) and lepton-flavour-violating
(LFV) effects, vertex displacement and non-unitarity effects.
For our sensitivity estimates we have considered low scale
seesaw scenarios with a protective symmetry (using the
SPSS as a benchmark) and focused on lepton number con-
serving signatures, since lepton number violating channels
are suppressed by the protective symmetry.
The signatures at the different types of colliders have dif-
ferent dependencies on the θα: In particular, the e
−e+ col-
liders are sensitive to |θ|2 = ∑α |θα|2 at the Z pole and to
|θe|2 at higher energy runs, the pp colliders can individually
test the |θα|2, and the production of heavy neutrinos at e−p
colliders is always proportional to |θe|2.
A summary and comparison of selected estimated sen-
sitivities is shown in fig. 16. We have found that the best
sensitivity to |θ|2 can be reached by electron-positron collid-
ers such as the FCC-ee via displaced vertex searches, where
it is sensitive to |θ|2 ∼ 10−11 for M below mW . For the
sensitivities of the pp and ep colliders via displaced vertex
searches, see figs. 11 and 15. Above the W mass, the best
reach can be achieved by e−p colliders such as the FCC-eh
via the LFV lepton-trijet signatures µ−jjj and τ−jjj, which
are sensitive to |θeθµ|2/θ2 and |θeθτ |2/θ2 down to ∼ 10−6 for
M ∼ 200 GeV. pp colliders like the FCC-hh can additionally
test |θµθτ |2/θ2 and reach ∼ 10−5 for M ∼ 200 GeV with the
LFV dilepton-dijet signature `α`βjj. It is also interesting
to note that already run 2 at the LHC might provide sensi-
tivities ∼ 10−3 for the parameter combinations |θeθµ|2/θ2,
|θeθτ |2/θ2 and |θµθτ |2/θ2 via this channel.
Regarding the sensitivity reach to M , we compared the
sensitivity of the signatures with the (weakest) relevant
present constraints on the mixing parameters, i.e. with the
bounds on |θτ | for the FCC-hh and on |θe| for the FCC-
eh. The highest mass reach is possible for the FCC-ee with
the indirect searches via the EWPOs, which could strongly
improve the present sensitivities on |θe| and |θτ | and use
them to probe M up to values up to about 60 TeV (for
|yνα | = O(1)). Via the direct searches the HL-LHC and
FCC-hh can test heavy neutrinos with masses up to ∼ 450
GeV and 2 TeV, respectively. The electron-proton colliders
LHeC and FCC-eh can extend the mass reach of the proton-
proton colliders and test heavy neutrinos masses up to ∼ 1
TeV and 2.7 TeV, respectively.
If deviations from the SM are found in the respective final
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Figure 16: Summary of selected estimated sensitivities of the FCC-
ee, -hh, and -eh colliders, including the HL-LHC and the LHeC. The
best sensitivity for heavy neutrino masses M < mW is obtained from
the displaced vertex searches at the Z pole run of the FCC-ee shown
by the blue line, which are sensitive to |θ|2 = |θe|2 + |θµ|2 + |θτ |2.
For heavy neutrino masses above mZ the pp colliders (red: FCC-hh,
dark-red: HL-LHC) and e−p colliders (brown: FCC-eh, yellow: LHeC)
have the best prospects for discovering sterile neutrinos via the LFV
signatures. The lepton-dijet signature at the pp colliders with final
states `±α `∓β jj, α 6= β yields sensitivities to the active-sterile mix-
ing parameter combinations |θαθβ |2/|θ|2, and it is shown by the red
lines. The lepton-trijet signature at the e−p colliders with final states
`−α jjj, α 6= e is sensitive to |θeθα|2/|θ|2, and it is shown by the brown
lines. Finally, for very large heavy neutrino masses the best sensitivity
is given by the EWPO measurements at the FCC-ee. The solid and
dashed horizontal blue line denotes the sensitivity to |θe|2 + |θµ|2 and
|θτ |2, respectively.
states in one or more channels, one can start to attack the
next challenge, which would be to test the sterile neutrino
properties, i.e. their active-sterile mixings and mass. For
various of the discussed channels sterile neutrinos cause a
“bump” in the relevant kinematic distributions, which can
give direct access to the mass of the heavy neutrino. Dif-
ferent combinations of the mixing angles |θα| can be probed
via the various signatures. This also shows the great com-
plementarity between the different collider types, which not
only allow to probe different mass ranges, but also different
mixing angle combinations.
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Appendix
A Sensitivity estimates
For our sensitivity estimate of the different heavy neutrino
signatures to the active-sterile mixing parameters at e−e+
(only lepton-dijet), pp, and e−p colliders we considered on-
shell Z,W, and Higgs bosons as “intermediate states”, and
we use the narrow width approximation. We generated 105
events for each benchmark mass for the signal distribution
and 105 to 106 events for the background distributions. For
the simulation we used the Monte Carlo event generator
WHIZARD 2.2.8 [48,49]. We emphasize that for a first look
at the sensitivities we have restricted ourselves to parton-
level estimates. On the one hand, we are likely to under-
estimate the backgrounds due to detector, interference, and
hadronization effects. On the other hand, in some chan-
nels one might gain sensitivity by optimizing cuts on other
kinematic variables.
A.1 Calculation of the sensitivity
When several processes xi (i > 1) with individual sensitiv-
ities sxi to the sterile-active parameters contribute to the
same final state, a combined sensitivity of the final state,
labelled sx, is obtained in the following way:
s−1x =
√∑
i
s−2xi . (18)
This implies the underlying assumption that the contribu-
tions from each process xi allow for a separate test of the
signal-strength.
In order to obtain the individual sensitivity sxi for each
process xi, we consider the transverse momentum
5 (Pt) of a
lepton if one is present, and otherwise that of a Z and Higgs
boson for both, the signal and the background. We then
identify an interval in the Pt distribution that maximizes
the significance
n = NS/
√
NB +NS , (19)
with NS being the number of signal events that is propor-
tional to |Θ|2 (where the parameter |Θ|2 depends on the
considered production-and-decay channel, cf. tab. 2) and
NB being the number of background events, for a given lu-
minosity and a benchmark value for |Θ|2. The resulting sig-
nificance corresponds to a heavy neutrino signal at the nσ
level. The 1σ sensitivity sxi of the process xi to the sterile
neutrino parameters is the value of |Θ|2 that corresponds to
a significance of n = 1 and it is obtained by solving eq. (19)
for |Θ|2.
The considered heavy neutrino signatures given in
tab. 3, 4, and 5 include the production-and-decay channels
5For the e−e+ colliders we consider the invariant mass distribution
instead.
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xi, which are given by the production of a heavy neutrino
via Zs, Wt, or Ws and its subsequent decay into νZ, `W,
and νh.
The cross sections of the considered SM backgrounds at
pp and e−p colliders are listed tab. 7, and 9, respectively,
where for the lepton-flavour-conserving signatures we only
consider the electron flavour for simplicity. For a given final
state that only includes charged leptons, neutrinos, and jets,
the background process’ cross section is multiplied by the
appropriate branching ratios, for which we use:
Br(W → jj) = 0.67,
Br(W → ν`) = 0.33,
Br(Z → jj) = 0.7,
Br(Z → ``) = 0.1,
Br(Z → νν) = 0.2
Br(h→ jj) = 0.7,
Br(h→ ``) = 0.06.
(20)
A.2 Electron-positron collisions
For e−e+ colliders we calculate a new sensitivity estimate
for the lepton-dijet signature, as given in tab. 3. It receives
contributions from the decays of the heavy neutrino via `W ,
together with the hadronic decays of the W boson into two
jets.
We simulate the inclusive final state e−νud¯ for a heavy
neutrino benchmark mass of 95, 145, 195, and 245 GeV for√
s = 250 GeV, and additionally for M = 295, and 345 GeV
for
√
s = 350 GeV, using a benchmark value for the active-
sterile mixing. Furthermore, we considered the integrated
luminosities according to the modi operandi given in fig. 4.
We considered the invariant mass distribution of the e−jj
system, Me−jj with a bin size of 2 GeV. We show some ex-
ample distributions for
√
s = 350 GeV in fig. 17, which
generally feature a peak in the number of events per bin
for Me−jj ' M . We identify the bins that correspond to
the mass M , from which we get the number of signal and
background events, NS+B . We obtain the number of back-
ground events NB by assuming a smooth background dis-
tribution and interpolating it around the signal bins. With
the number of signal events NS = NS+B−NB we obtain the
sensitivity as described in section A.1. To account for the
processes e−νsc¯, e+νdu¯, and e+νsc¯ we assume that they all
have identical distributions and cross sections, and multiply
both, NS and NB with a factor of four.
For the heavy neutrino masses below ∼ mW , the back-
ground distribution of Me−jj is effectively zero. We
have therefore assumed that for M = 10 GeV no
background exists, and use the number of signal events
(σM=10 GeV − σSM )Lint, with the cross sections σ and the
integrated luminosity Lint. We show the cross sections of
the processes for the benchmark value of the active-sterile
mixing |θe|2 = 0.042, |θµ| = |θτ | = 0 in tab. 6.
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Figure 17: Distribution of the invariant mass Me−jj from the process
e−e+ → νe−jj at the center-of-mass energy of 350 GeV, for a bin
size of 2 GeV. The process was simulated with WHIZARD 2.2.8 and it
includes heavy neutrinos with different masses according to the color
code. The y axis has been scaled to the expected number of events for
1.5 ab−1.
M 250 GeV 350 GeV
10 680 631
95 646 587
145 614 559
195 590 544
245 576 528
295 – 518
345 – 514
SM 576 506
Table 6: Cross section in fb for the four-fermion final state e−νud¯ at
e−e+ colliders for the center-of-mass energies of 250 and 350 GeV, the
numerical error is ∼ 2 fb. The calculation of the cross section includes
initial state radiation and a cut on the tranverse momentum of all final
state fermions, Pt > 5 GeV.
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Background pp14 [fb] pp100 [fb]
e+νZ 770 7500
e−νZ 480 5850
ννZ 680 7400
e+νh 33 330
e−νh 21 250
ννh 19 220
e−e+W− 175 2150
e+e−W+ 290 2650
ν e−W+ 3450 34600
ν e+W− 3450 35000
tt¯ 35000 410000
Table 7: Parton-level cross sections for the considered Standard Model
background processes for heavy neutrino searches in proton-proton col-
lisions. The cross sections include a cut Pt ≥ 20 GeV for all the
fermions in the final state, except for the tt¯. For the evaluation we
used WHIZARD with CTEQ6L and CT10 parton distribution func-
tions.
A.3 Proton-proton collisions
The list of signatures for which we calculate the sensitivi-
ties is given in tab. 4. Therein, each production-and-decay
channel xi contributes separately, and we simulate signal
and background events to obtain the individual sensitivities
sxi , as discussed in sec. A.1.
We are working in the narrow width approximation where
it is sufficient to consider Z, W, and Higgs bosons that are
produced on the mass shell, together with the two accom-
panying leptons ``, `ν, or νν as “intermediate states”. For
the simulation at the HL-LHC and the FCC-hh/SppC we
used the built-in PDF CTEQ6L that are included in the
WHIZARD package. For the heavy neutrinos we considered
the following benchmark values: 200, 400, 700, 1300 GeV for
the HL-LHC, and 200, 400, 1000, 2000 GeV for the FCC-
hh/SppC. For the SM background cross sections we used
the values shown in tab. 7, where we limit ourselves to the
electron flavour for the lepton-flavour-conserving signatures
for simplicity.
From the intermediate states we maximise the significance
by cuts on the transverse momentum of a charged lepton if
one is present. For the intermediate states ννZ, and ννh we
optimise the transverse momentum of the Z, or Higgs bo-
son. We show some example distributions for the SM back-
ground and the signal in fig. 19 for the benchmark masses
M = 200, 400 and 1000 GeV at the FCC-hh/SppC with an
integrated luminosity of 20 ab−1. Therein, the active-sterile
mixing angle is tuned to the value that results in a signifi-
cance of 1 after the kinematic cuts, which are shown by the
shaded areas. We display a list of the optimised cuts on the
considered transverse momentum of the charged lepton (or
the Z or Higgs boson if none is present) in tab. 8.
To obtain the event numbers of the final state from the in-
termediate state, we multiply with the appropriate branch-
0 20 40 60 80 100
0
50
100
150
missing Pt@GeVD
Ev
en
ts
pe
r1
G
eV
0 20 40 60 80 100
0
2000
4000
6000
8000
10 000
12 000
missing Pt@GeVD
Ev
en
ts
pe
r1
G
eV
LHC FCC-hh/SppC
Figure 18: Distribution of the missing transverse momentum of the
visible fermions from the process pp → tt¯ → `ν`νbb¯, at 14 and 100
TeV, from samples with 106 events generated with WHIZARD. The
y axis is scaled to the expected number of events per 1 GeV for 3
and 20 ab−1, respectively. The red line denotes the linear fit of the
distribution up to 20 GeV.
ing ratios in eq. (20).
We discuss the lepton-number-conserving signature
lepton-dijet (plus missing energy) at a pp collider as an ex-
ample. It receives contributions from the production-and-
decay channels ν`W , ν`Z, and ν`h, with individual sensitiv-
ities sν`W , sν`Z , and sν`h, respectively. We combine their
sensitivities using the hadronic branching ratios of the W
and Z boson:
s−1`νjj =
√
Br(W→ jj)
s2ν`W
+
Br(Z→ jj)
s2ν`Z
+
Br(h→ jj)
s2ν`h
. (21)
The sensitivity of the lepton-number-conserving and
lepton-flavour-violating final state `±α `
∓
β jj is obtained with-
out optimising kinematic cuts. As irreducible background
we consider the process pp→ tt¯, with the top quarks yield-
ing b-jets and W bosons. We multiply the production cross
section with the leptonic branching ratio of the W bosons,
and consider a b-tag veto with an efficiency of 0.3 per jet.
We simulate the final state ``ννbb, of which we display the
missing transverse momentum in fig. 18 for the LHC and the
FCC-hh/SppC. We veto all the events with missing Pt > 20
GeV, which results in ∼ 800 and ∼ 6 × 104 events for the
LHC and the FCC-hh/SppC, respectively.
A.4 Electron-proton collisions
The list of signatures for which we calculate the sensitivi-
ties is given in tab. 5. Therein, each production-and-decay
channel xi contributes separately, and we simulate signal
and background events to obtain the individual sensitivities
sxi , as discussed in sec. A.1.
In the narrow width approximation it is sufficient to con-
sider Z, W, and Higgs bosons that are produced on the mass
shell as “intermediate states”.
We consider an unpolarised electron beam at 60 GeV and
a proton beam with an energy of 7 and 50 TeV for the
LHeC and FCC-eh, respectively. We use the built-in PDFs
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Figure 19: Example transverse momentum distributions from processes contributing to the production of Z,W and Higgs boson in pp collisions.
The blue and orange line denote the SM background and the signal, respectively, the gray shaded areas indicate the cuts. The upper and lower
panel correspond to the final states from the heavy neutrino production channel Ws and Zs, respectively. The y axis is scaled to the expected
number of events for a total integrated luminosity of 1 ab−1.
√
s = 14 TeV
M e−νZ e−νh e−e+W− ννZ ννh νe+W−
200 > 90 > 60 > 80 > 90 > 70 > 70
400 > 160 > 160 > 170 > 170 > 160 > 160
700 > 300 > 300 > 310 > 310 > 300 > 300
1300 > 370 > 570 > 570 > 520 > 600 > 600
√
s = 100 TeV
M e−νZ e−νh e−e+W− ννZ ννh νe+W−
200 > 80 > 30 > 60 > 70 > 30 > 60
400 > 220 > 200 > 170 > 140 > 120 > 120
1000 > 470 > 520 > 440 > 420 > 420 > 420
2000 > 720 > 970 > 920 > 820 > 820 > 820
Table 8: Momentum cuts for the signatures at pp colliders. Selected intervals for the transverse momentum for a lepton, where one is present,
and on the Z and Higgs boson (candidates), where none is present. All numbers are in units of GeV.
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Figure 20: Distribution of the missing transverse momentum of the
visible fermions from the process e−p → j`−α jjjνν, α 6= e, for proton
beam energies of 7 and 50 TeV, from samples with 106 events generated
with WHIZARD. The y axis is scaled to the expected number of events
per 1 GeV for 1 ab−1 in both panels. The red line denotes the linear
fit of the distribution up to 20 GeV.
CTEQ6L and MRST2004QEDP for W
(q)
t and W
(γ)
t , respec-
tively.
For the LHeC we consider benchmark values for the
masses of 200, 400, 700, 900 and 1100 GeV. For the FCC-eh,
we consider the benchmark masses of 200, 400, 1000, 1500,
2000, 2500, and 3000 GeV. The cross sections of the SM
background processes are listed in tab. 9.
The significance is maximized by cuts on the transverse
momentum of the intermediate bosons. Example distribu-
tions for the signal and background are shown in fig. A.4
for benchmark masses M = 200, 400 and 700 GeV for the
LHeC, and 400, 1000, and 1500 GeV for the FCC-eh. The
active-sterile mixing angle is tuned to the value that results
in a significance of 1 after the kinematic cuts, which are
shown by the shaded areas. The optimzed cuts are displayed
in tab. 10.
For the lepton-number-conserving and lepton-flavour-
violating final state jµ−τ+ν we considered the SM back-
ground to be given by the higher order process e−p →
jµ−τ+ννν. We optimized its sensitivity via the trans-
verse momentum of the µ−. The sensitivity for the
lepton-number-conserving lepton-flavour-violating signature
`−α jjj, α 6= e is obtained without kinematic cuts. As ir-
reducible backgrounds we consider the processes e−p →
jW−V ν, with the leptonic decays of the W− and the
hadronic decays of the vector boson V = W±, Z. We simu-
lated 106 events for the three backgrounds and display the
resulting distribution of the missing transverse momentum
in fig. 20. We veto all the events with missing Pt > 20 GeV,
which results in ∼ 100 and ∼ 800 events for the LHeC and
the FCC-eh, respectively.
Background LHeC [fb] FCC-eh [fb]
ν Z j 490. 2550.
ν h j 86.0 490.
e−W+j 1285. 6000.
jµ−τ+ννν 0.81 3.5
jW−V ν 7.1 103
Table 9: Background cross sections for the intermediate states to the
sterile neutrino signatures at e−p colliders. For the simulations final
state electrons are required to have transverse momenta above 10 GeV,
and the momentum transfer between initial state parton and final state
jet is required to be larger than 20 GeV (to avoid numerical singular-
ities). The SM processes jµ−τ+ννν and jW−V ν, with V = W±, Z
constitute the background for the lepton-number-conserving lepton-
flavour-violating final states jµ−τ+ν and µ−jjj, respectively.
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Figure 21: Example transverse momentum distributions from processes that contribute to the production of Z,W and Higgs boson in electron-
proton collisions. The blue and orange line denote the SM background and the signal, respectively, the gray shaded areas indicate the cuts. The
upper and lower panels correspond to the LHeC and the FCC-eh, respectively. The y axis is scaled to the expected number of events for a total
integrated luminosity of 1 ab−1.
LHeC
M jνZ jνh je−W+ µ−τ+jν e−ννh
200 [ 70 , 320 ] [ 30 , 130 ] [ 60 , 210 ] [50 ,140 ] [0,120]
400 [ 270 , 470 ] [ 250 , 420 ] [ 270 , 470 ] [140 , 240] [130,320]
700 [ 520 , 770 ] [ 600 , 740 ] [ 590 , 740 ] [ 320, 440] [270,420]
900 [ 820 , 980 ] [ 780 , 920 ] [ 820 , 920 ] [ 420, 620] [370,520]
FCC-eh
M jνZ jνh je−W+ µ−τ+jν e−ννh
200 [ 30 , 180 ] [ 30 , 80 ] [ 30 , 230 ] [70 , 150] [0,140]
400 [ 140 , 260 ] [ 110 , 220 ] [ 140 , 240 ] [150 , 240] [140,270]
1000 [ 400 , 550 ] [ 440 , 520 ] [ 400 , 580 ] [400 , 580] [440,570]
1500 [ 620 , 870 ] [ 720 , 770 ] [ 620 , 820 ] [620 , 820] [600,∞]
2000 [ 870 , 1070 ] [ 970 , 1020 ] [ 870 , 1070 ] [870 , 1220] [600,∞]
2500 [ 1120 , 1320 ] [ 970 , 1370 ] [ 1120 , 1320 ] [1120 , 1320] [600,∞]
3000 [ 1320 , 1520 ] [ 1220 , 1620 ] [ 1320 , 1620 ] [1320 , 1620] [600,∞]
Table 10: Momentum cuts for the signatures at e−p colliders. Selected intervals for the transverse momentum for a lepton, where one is present,
and on the Z and Higgs boson (candidates), where none is present. All numbers are in units of GeV.
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